ABSTRACT Culex (Culex) pipiens quinquefasciatus Say Þeld population from Vero Beach, FL, sampled monthly over a period of 8 mo, a colony sample, and six geographic samples were analyzed for genetic variation at 12 enzymes (10 "neutral" gene enzymes with 11 putative loci and two "complex" gene enzymes) by using polyacrylamide gel electrophoresis. The analysis of the 11 putative loci in both temporal and geographic samples showed that the four loci (Gpi, Hk, and 
the male phallosome (DV/D ratio) and allozyme variation (Cheng et al. 1982 , Tabachnick and Powell, 1983 , Pryor and Daly 1991 , Urbanelli et al. 1997 , Cornel et al. 2003 . Urbanelli et al. (1997) concluded that DV/D ratio did not necessarily characterize Cx. p. pipiens and Cx. p. quinquefasciatus genetically, especially in areas of sympatry, and suggested that allozyme variation seemed to be a better descriptor of hybridization and introgression phenomenon than the DV/D ratio. These authors also demonstrated that at least four enzyme loci, glucose-6-phosphate isomerase (Gpi), hexokinase (Hk), malate dehydrogenase (NADP ϩ )/ malic enzyme (Mdhp-2/Me), and phosphoglucomutase (Pgm) showed higher and/or distinguishable frequencies in Cx. p. quinquefasciatus than in Cx. p. pipiens.
Population genetics studies on Cx. p. quinquefasciatus in Florida has not yet been conducted. Because no signiÞcant differences in allele frequencies have been observed between males and females of Cx. p. pipiens and Cx. p. quinquefasciatus (Tabachnick and Powell 1983, Urbanelli et al. 1997) , we studied allozyme variation in Cx. p. quinquefasciatus females only. The objectives of the this study were 1) to characterize Cx. p. quinquefasciatus in Florida by using isozyme analysis; 2) to elaborate on the genetic structure of a population of Cx. p. quinquefasciatus collected during different months from Vero Beach, FL; and 3) to determine whether there is genetic variation in samples collected from different geographical areas of Florida (from south to north).
Materials and Methods
Temporal Studies. Egg rafts of Cx. p. quinquefasciatus and other Culex species were collected in black oviposition pans, placed near the edge of a wooded area, during the Þrst week of each month, from January 2000 through August 2000, at the Florida Medical Entomology Laboratory in Vero Beach (latitude 27Њ 39Ј north and longitude 80Њ 25Ј west), Indian River County, Florida (Nayar et al. 2002) . Each egg raft was placed in an individual vial for hatching and Þrst instars were identiÞed. Larvae from 15 to 20 egg rafts of Cx. p. quinquefasciatus were reared to the adult stage following standard methods (Knight and Nayar 1999) . Larvae from 16 egg rafts were also reared from a Cx. p. quinquefasciatus colony (12 generations) established in 1998. Sugar-fed females, 3Ð 4 d old, of wild and colony samples were frozen individually in Eppendorf tubes at Ϫ80ЊC for isoenzyme assays.
Geographic Studies. Eggs rafts of Cx. p. quinquefasciatus representing 15Ð20 families from each of six geographically distant locations from south to north Florida (Table 1) were collected during July and August 2000. Each sample was at least 100 km distant from an adjacent sample. Larvae were reared to the adult stage in the laboratory. Sugar-fed females, 3Ð 4 d old, were individually frozen from each location in Eppendorf tubes at Ϫ80ЊC for isoenzyme assays.
Electrophoretic Methods. Preparation of individual mosquitoes, buffer systems, and electrophoretic protocols followed after Black and Munstermann (1996) . Mini-Protean II Cell (mini-vertical electrophoretic system, Bio-Rad, Hercules, CA) was used for these studies. Each female was homogenized in 30 l of loading buffer (20% sucrose, Triton X-100 [0.5%], Tris-citrate pH 7.0 electrode buffer and trace amount of bromphenol blue tracking dye) and centrifuged for 10 min at 2,000 ϫ g. The supernatant (24 l) was dispensed equally (3 l) into eight 0.5-ml Eppendorf tubes and frozen at Ϫ80ЊC until used for electrophoresis. At the time of electrophoresis, a 1.0-l sample was used in each gel. Using this method, we could analyze up to 16 enzyme loci from each mosquito (Nayar et al. 2002) .
Twelve enzyme loci were analyzed. Ten of these enzyme systems were associated with "neutral" gene coding and two were associated with "complex" gene coding because of their mode of inheritance for insecticide resistance. Ten enzyme systems associated with neutral (autosomal) genes yielded 11 putative loci, listed by name, abbreviation, and Enzyme Commission number: aconitase hydratase (Acoh, EC 4.2.1.3); adenylate kinase (Ak-2, EC 2.7.4.3); glycerol-3-phosphate dehydrogenase (Gpd-2, EC 1.1.1.8); glucose-6-phosphate isomerase (Gpi, EC 5.3.1.9); hexokinase (Hk-2Ð 4, EC 2.7.1.1 scored as one enzyme); isocitrate dehydrogenase (Idh-1 and Idh-2, EC 1.1.1.42); malate dehydrogenase (Mdh, EC 1.1.1.37), malate dehydrogenase (NADP ϩ )/malic enzyme (Mdhp-2/Me, EC 1.1.1.40); phosphogluconate dehydrogenase (Pgd, EC 1.1.1.44), and phosphoglucomutase (Pgm, EC 5.4.2.2.). Two enzyme systems that were associated with complex genes for insecticide resistance were aldehyde oxidase (Aldox, EC 1.2.3.1) and esterase (Est, EC 3.1.1.1). Twenty-four Cx. p. quinquefasciatus females (48 alleles/locus/sample) from each sample were analyzed. Reference females of Aedes aegypti L. (ROCK strain) were included on each gel.
Statistical Analysis. Genetic variation was analyzed by using a BIOSYS-2 Program for desktop computer (Black 1997) . This program is a modiÞcation of BIOSYS-1 (Swofford and Selander 1981) .
Voucher Specimens. A selection of fourth instars and adult specimens of Cx. p. quinquefasciatus from the Vero Beach population and from geographic samples have been deposited in the entomological collection 
Results
Genetic variability values for 11 putative loci of Cx. p. quinquefasciatus colony sample and eight temporal samples collected from Vero Beach are presented in Table 2 . In the colony sample, only two enzyme loci (Acoh and Pgd) were polymorphic compared with four of the enzyme loci (Acoh, Mdhp-2, Pgd, and Pgm) that were polymorphic in eight temporal samples and the other four enzyme loci had an occasional heterozygous locus ( Table 2 ). The colony sample had signiÞcantly lower genetic variation than the Þeld samples, measured by percentage of polymorphic loci (colony 18.2% versus Þeld 28.4%), mean observed heterozygosity (H o ϭ colony 0.027 Ϯ 0.02 versus Þeld 0.09 Ϯ 0.01, t ϭ Ϫ2.82, df ϭ 46, P Ͻ 0.05) and mean Hardy-Weinberg expected heterozygosity (H e ϭ colony 0.025 Ϯ 0.02 versus Þeld 0.085 Ϯ 0.01, t ϭ Ϫ2.68, df ϭ 46, P Ͻ 0.05).
The frequencies of the most common allele of three (Acoh, Pgd, and Pgm) of the four polymorphic loci among the eight temporal samples of Cx. p. quinquefasciatus, when plotted at alternate months showed bimodal peaks in ßuctuations (Fig. 1) . The frequency of Acoh 122 showed a bimodal pattern that indicated a rise from January to March followed by a decline in May and again a rise in July, the frequency of Pgd 83 was high in March and July 2000 and low in January and May 2000, whereas the frequency of Pgm 100 was low in March and July and high in January and May 2000. These results showed that the most common alleles of these three polymorphic loci showed variations during dry and cool months from January through June during peak population density of this species in south central Florida.
The percentage of observed heterozygosity (H o ) for 11 loci of Cx. p. quinquefasciatus during the 8 mo Table 3 . Four of the enzyme loci (Acoh, Mdhp-2, Pgd, and Pgm) were polymorphic in all six samples, whereas two of the enzyme loci showed heterozygotes in one or two samples (Table 3 ). The most common allele for each locus was present in each of the six samples examined (Table 3) . The mean number of alleles per locus per sample was 1.45 Ϯ 0.03 with Pgm loci having as many as three alleles per locus. The average percentage of polymorphic loci was 34.9, the mean observed heterozygosity (H o ) was 0.097 Ϯ 0.01 and the mean Hardy-Weinberg expected heterozygosity (H e ) was 0.094 Ϯ 0.01. Differences between mean observed heterozygosity (t ϭ 0.291, df ϭ 46, P Ͼ 0.05) and mean Hardy-Weinberg expected heterozygosity (t ϭ 0.277, df ϭ 46, P Ͼ 0.05) in samples from north Florida and south central Florida were not signiÞcant. These results suggested that gene diversity was very small for Cx. p. quinquefasciatus within each population.
The mean percentage of heterozygosity (H o ) per locus for 11 loci among the six Florida samples, based on the presence of common heterozygous alleles, was 9.59%. The four most variable loci and their H o were Acoh (28.1%), Pgd (22.9%), Pgm (20.9%), and Mdhp-2 (19.6%). The H o in Gpd-2, Gpi varied between 2.6 and 6.5%. The remaining Þve loci, Ak-2, Hk, Idh-1, Idh-2, and Mdh were monomorphic.
Chi-square tests for conformance to Hardy-Weinberg expectations showed deviations in only two loci, Acoh and Mdhp-2 in Palm Beach population of Cx. p. quinquefasciatus (Table 3) . This was signiÞ- The relationship between genetic variation and geographic distance was calculated by assessing the slope of the regression line (Spearman Rank Correlation) between genetic differentiation expressed as F ST / (1 Ϫ F ST ) and the natural logarithm of geographic distance among sample pairs (Rousset 1997) . The graph for these values (Fig. 2) showed that the slope was negative (b ϭ Ϫ0.2648) and not signiÞcant (P ϭ 0.3403), suggesting an absence of isolation among six geographic samples from Florida by distance between 94 and 640 km.
The average values of NeiÕs (1978) and modiÞed RogersÕ genetic (Wright 1978) Table 4 ), indicating that both the temporal and geographic samples are resistant to at least one insecticide and a herbicide, the latter often used in the Culex larval environment (Hemingway et al. 2000) .
Discussion
Results of our study show that the most common allele in four (Gpi
, Hk

100
, , and Pgm 100 ) of the 11 putative loci both in temporal and geographic samples that were either monomorphic or had high frequency were similar in patterns to those alleles in the same four enzyme loci that distinguished Cx. p. quinquefasciatus from Cx. p. pipiens and Cx. p. pipiens/Cx. p. quinquefasciatus hybrids (Cheng et al. 1982 , Tabachnick and Powell 1983 , Urbanelli et al. 1997 , Cornel et al. 2003 . Our Mdhp-2 94 allele was most probably similar to the Mdhp-2 106 of Urbanelli et al. (1997) , but in our samples there were two alleles for this locus instead of one observed by Urbanelli et al. (1997) by using starch gel electrophoresis. These results thus indicated that only Cx. p. quinquefasciatus occurs in Florida.
Comparison of genetic variability parameters between a Cx. p. quinquefasciatus colony and eight temporal samples showed that most of the parameters for genetic variation in the colony sample were signiÞ-cantly lower than the temporal samples. These results are consistent with previous studies on colonization of other species of Culicidae, Ceratopogonidae, and Psychodidae (Tabachnick 1992 , Munstermann 1994 , Mukhopadhyay et al. 1997 , Nayar et al. 2002 , which showed that colonization of a species alters the genetic makeup of the colony that is usually expressed as a decrease in mean number of alleles per locus, lower percentage of polymorphic alleles, and mean heterozygosity than the Þeld samples Three (Acoh, Pgd, and Pgm) of the 11 putative gene loci among the eight temporal samples showed a repeatable seasonal pattern in the frequencies of the most common allele when allele frequency data were plotted at alternate months. A similar pattern of temporal variation in the frequencies of most common alleles of another Culex species from Florida, Cx. nigripalpus, was observed in samples collected during its peak population density during the warm and wet months from June to November (Nayar et al. 2002) . These results suggested that the allelic frequencies among polymorphic loci in mosquito populations show more variability during their peak population densities than when population densities are low. This further showed that a seasonal reversal in abundance of Cx. p. quinquefasciatus and Cx. nigripalpus in south central Florida coincides with seasonal changes in the most common alleles in polymorphic loci.
Average (Gimnig et al. 1999 , Nayar et al. 2002 ) that resulted in lower variation among temporal samples of Cx. p. quinquefasciatus than the other two species. Genetic variability values of the Vero Beach August 2000 sample (percentage of polymorphic loci (27), average number of alleles per locus (1.5 Ϯ 0.2), and average heterozygosity (0.072 Ϯ 0.04) were similar to those observed by Cheng et al. (1982) (Pasteur et al. 2001 ) and isolation by distance over geographic ranges was similar to those studied in other populations of Cx. p. pipiens complex (Chevillon et al. 1995 , Pasteur et al. 2001 ). a Mean calculated from the allele frequencies given by Cheng et al. (1982) , excluding laboratory strains and intermediate populations (Urbanelli et al. 1985) .
b NeiÕs (1972) (Raymond et al. 1987) . In the Palm Beach County (PBCO) sample Est␤1 only was present, similar to Sacremento, Hanford and Coachella samples in California (Raymond et al. 1987) . In all other samples in this study from Florida Est␣2‫گ‬Est␤2 was present by itself or in association with Est␤1 (Table 5 ). Similar observations were made in California samples and in OP-resistant populations of Cx. p. quinquefasciatus throughout the world (Raymond et al. 1987 , Pasteur et al. 2001 . Earlier crossing experiments indicated that Est␣2 and Est␤2 alleles are coded by tightly linked genes (Villani et al. 1983 , Raymond et al. 1987 . Molecular analysis of the esterase alleles in Cx. p. qinquefasciatus populations from other parts of the World indicated that in the Florida samples, there are two amplicons; some individuals are heterozygotes containing one chromosome with Est␣2‫گ‬Est␤2 amplicon and the other chromosome have the Est␤1 amplicon alone. In addition there are a few homozygotes with only one amplicon represented on both chromosomes (Hemingway and Karunaratne 1998; J. Hemingway, personal communication) . All of these esterases act in an identical manner and produce a reasonable level of organophosphate resistance. The ampliÞcation or overproduction of esterase enzymes in the Florida population of Cx. p. quinquefasciatus is not a surprise because organophosphate insecticides have been used in Florida to control adult mosquitoes since the 1950s, and Cx. p. quinquefasciatus populations from Florida have been shown to be resistant to organophosphates (Breaud 1993) . Recently, Hemingway et al. (2000) showed that Aldox enzyme locus is coampliÞed with the esterase locus expressing ampliÞed Est␣2‫گ‬Est␤2 allele in organophosphate-resistant Cx. p. quinquefasciatus. Comparison of the ampliÞed esterase alleles with the ampliÞed Aldox alleles in temporal and geographic samples of Cx. p. quinquefasciatus from Florida suggest that coampliÞcation of these loci does occur (Table 5) .
Recent studies on mosquito infections with West Nile Virus (WNV) in the United States have shown that of 918 isolations from 17 states plus the District of Columbia between 1999 and 2001, 349 (38%) isolations were made from mosquitoes belonging to Cx. p. pipiens and 13 (1.4%) isolations from Cx. p. quinquefasciatus (Nasci 2002) . The latter isolations were made only during 2001 and represented six isolates of WNV infections when it was Þrst found in north Florida. In 2002, Cx. p. quinquefasciatus was found to be one of the Þve Culex species that are the most important WNV epizootic or epidemic vectors in the United States (CDC 2002) . In 2002, in Louisiana the majority (exact numbers unknown) of the WNV isolates were from Cx. p. quinquefasciatus (unpublished; http://arbonet. caeph.tulane.edu). Culex p. quinquefasciatus from Florida (Vero Beach colony) has also been shown to be a potential vector of WNV (Sardelis et al. 2001 ). These observations suggest that Cx. p. quinquefasciatus is probably an important vector of WNV throughout the southern United States and could be an important vector of WNV in Florida.
